Hard ticks of the order Ixodidae serve as vectors for numerous human pathogens, including the 2 causative agent of Lyme Disease Borrelia burgdorferi. Tick-associated microbes can influence 3 pathogen colonization, offering the potential to inhibit disease transmission through engineering 4 of the tick microbiota. Here, we investigate whether B. burgdorferi encounters abundant bacteria 5 within the midgut of wild adult Ixodes scapularis, its primary vector. Through the use of 6 controlled sequencing methods and confocal microscopy, we find that the majority of field-7 collected adult I. scapularis harbor limited internal microbial communities that are dominated by 8 endosymbionts. A minority of I. scapularis ticks harbor abundant midgut bacteria and lack B. 9 burgdorferi. We find that the lack of a stable resident midgut microbiota is not restricted to I. 10 scapularis since extension of our studies to I. pacificus, Amblyomma maculatum, and 11
2011b; Wang et al., 2017). One mechanism that may govern interactions between pathogens and 19 the microbiota involves direct competition. Many bacteria possess elaborate mechanisms that can 20 mediate interbacterial competition in polymicrobial environments, including specialized 21 pathways such as the type VI secretion system, which delivers toxic effector proteins to target 22 cells (Hibbing et al., 2010; Russell et al., 2014) . It is thought that the presence and repertoire of 23 that comprise I. scapularis-associated bacterial communities following removal of water-borne 1 contamination, we calculated the taxonomic relative abundance averaged across all internal and 2 external samples. This revealed that 258 (95%) of 270 OTUs fell below 1% relative abundance 3 when averaged. In contrast, other taxa exceeded 1% average relative abundance in both internal 4 and external samples, including Bacillus, Pseudomonas, and Enterobacteriaceae ( Figure S2 ). 5
Importantly, the taxon that was most abundant in internal samples but entirely absent in external 6 samples was the genus Rickettsia (average relative abundance of 52%), which includes the 7 dominant Rickettsia endosymbiont of I. scapularis (Gillespie et al., 2012) . The relative 8 abundance of Rickettsia exhibited a positive correlation with total bacterial load ( Figure 2B ), 9
indicating that Rickettsia is the primary driver of bacterial abundance in most I. scapularis ticks. 10
The family Spirochaetaceae also was often abundant in viscera samples but absent in washes 11 ( Figure S2 ). 12
The number of taxa with low relative abundance could indicate that the internal 13 environment of I. scapularis is particularly well suited to fostering diverse microbial 14 communities. However, an alternate possibility is that low abundance OTUs represent signal 15 from contamination. Indeed, several studies have examined the effect of low biomass input on 16 diversity metrics in 16S rRNA gene sequencing surveys, with the notable result that alpha 17 diversity (within-sample diversity) correlated negatively with the abundance of input DNA 18 (Jervis-Bardy et al., Lauder et al., 2016; Salter et al., 2014) . We therefore examined the 19 relationship between alpha diversity and bacterial load as quantified by qPCR in our I. scapularis 20 samples. When examined across all 61 I. scapularis samples, we found a strong negative 21 correlation between total bacterial load and alpha diversity that was independent of geographic 22 origin (Spearman's rho = -0.74, p < 0.001) ( Figure 2C and S3 ). These data imply that the low 23 bacterial biomass associated with adult I. scapularis ticks can impact the interpretation of 16S 1 rRNA gene sequencing surveys by artificially inflating alpha diversity. We further observed a 2 strong negative correlation between bacterial load and the relative abundance of the group of 3 taxa contributing to 1% or less of the total across all I. scapularis samples ( Figure 2D ). We 4 found only six taxa to be present in all I. scapularis viscera samples, represented by eight OTUs, 5
including the genera Rickettsia, Borrelia, Pseudomonas, Francisella, and Escherichia, and the 6 family Enterobacteriaceae ( Figure S2 ). Linear discriminant analysis effect size (LEfSe) revealed 7 the taxa most likely to explain differences between external wash samples and internal viscera 8 samples. External samples are characterized by taxa from the phyla Proteobacteria and 9
Actinobacteria, while viscera samples are distinguished by the orders Spirochaetales and 10
Rickettsiales ( Figure S4 ) (Segata et al., 2011) . 11
While the internal bacteria associated with most wild adult I. scapularis are dominated by 12
Rickettsia and B. burgdorferi, a minority of samples exhibit high relative abundances of three 13 putatively environmental taxa, including the genera Bacillus and Pseudomonas, and the family 14
Enterobacteriaceae ( Figure 3A ) all of which have been previously described as associated with 15 I. scapularis (Moreno et al., 2006; Steinhaus, 1946; van Treuren et al., 2015) . Colonization of 16 ticks appeared to be independent for each taxon since, although co-occurrence was detected in a 17 few samples, most ticks harbored only one dominant environmental taxon. While total bacterial 18 load was not correlated with colonization by environmental bacteria, samples with high 19 abundance of these bacteria -deriving from each of the five geographically-isolated collection 20 sites -were less frequently infected by B. burgdorferi than expected ( Figure 3B , C). This 21 observation suggests that colonization by Bacillus, Pseudomonas, and Enterobacteriaceae may 22 limit B. burgdorferi infection. 23
Immuno-staining and confocal microscopy reveals I. scapularis midgut biogeography 1
To orthogonally and directly validate our findings of a limited internal microbiome in ticks, we 2 turned to confocal microscopy in order to visualize bacteria distribution and localization within I. 3 scapularis. Our sequencing results suggest that Rickettsia comprise the dominant internal 4 microbial inhabitants of most wild adult I. scapularis ticks. However, we questioned i) if our 5 analyses failed to detect low-abundance yet highly diverse communities of midgut-associated 6 bacteria masked by the high abundance of Rickettsia and ii) if the limited midgut colonization by 7 environmental bacteria that we observed could be visualized and therefore validated. Ticks 8 present a number of challenges that hinder standard microscopy techniques. These challenges 9 include the physical barrier of the thick outer cuticle, a high degree of internal auto-fluorescence 10 derived from the cuticle, and remnants of previous blood-meals including heme crystals (Sojka et 11 al., 2013) . In order to preserve tissue integrity and organization, we utilized formalin-fixation 12 and paraffin embedding of dissected ticks, followed by thin sectioning and staining for 13 visualization. Use of biotin-labeled ISH probes allowed us to perform tyramide-signal 14 amplification (TSA), dramatically increasing the signal to noise ratio within tick sections. 15
With these methods, we characterized the distribution of bacteria within tissues of 16 individual adult I. scapularis ticks (N=41). Abundant and DAPI-intense cocci that co-stained 17 with probes targeting universally conserved 16S rRNA sequences (EU338) were observed in the 18 cytoplasm of ovarian cells of all female I. scapularis ticks ( Figure S5 ). These are presumed to be 19 vertically transmitted Rickettsia (Noda et al., 1997). In striking contrast to ovaries, the midgut of 20 most unfed adult I. scapularis lacked bacilli or cocci as visualized by DAPI signal or ISH signal 21 localized to the lumen or luminal epithelium ( Figure 5A , 90%, N=41 total ticks). This differed 22
for B. burgdorferi-infected I. scapularis ticks, in which spirochete cells constituted the only 23 detected midgut bacteria ( Figure 4A, S5 ). However, a minority of I. scapularis ticks from a 1 single site (CA) exhibited midgut colonization by bacterial cells with distinct cocci and bacilli 2 cellular morphologies (10% of total I. scapularis examined, N=41) ( Figure 4B ). Since I. we considered the possibility that while adult I. scapularis ticks may lack a diverse internal 6 microbiome, earlier life stages could be colonized to a greater extent. To test this possibility, we 7 imaged sections prepared from whole-mounted I. scapularis nymphs, using similar formalin 8 fixation and staining methodology as before. We found that I. scapularis nymphs also exhibit 9 low DAPI and ISH probe staining within midgut tissues ( Figure S6 ). Since nymphs are 10 considerably smaller than adults, they may be more sensitive to artefactual noise associated with 11 low-biomass high-throughput sequencing. In support of this notion, the alpha diversity of the 12
Ixodes pacificus microbiome negatively correlates with life stage progression from larvae to 13 adults as body size increases (Swei and Kwan, 2016) . 14
15

16S rRNA gene sequencing of diverse wild adult ticks 16
We next sought to test whether our findings of a limited internal bacterial load and restricted 17 diversity in I. scapularis were generalizable across Ixodidae. Vector competence for Borrelia 18 spp. varies across genera within the Ixodidae. Ixodid ticks also vector pathogenic Anaplasma and 19
Ehrlichia spp which must transit the midgut during their enzootic cycles (Ismail et al., 2010). We 20 collected six species of hard tick from multiple geographic locations, including species from the 21 genera Amblyomma, Dermacentor, and Ixodes. qPCR-based assessment of internal bacterial load 22 revealed a variability similar to that of I. scapularis, with Amblyomma maculatum exhibiting the 23 highest load and broadest variation across individual ticks ( Figure 5A ). As observed for I. 1 scapularis, the dominant bacterial taxa associated with each tick species were species-specific 2 endosymbionts ( Figure 5B ). These include Francisella and Rickettsia in Amblyomma Figure 5C ), negative correlations with total bacterial load across hard tick 6 samples (an exception being I. pacificus) supported a similar pattern as seen for I. scapularis 7 ( Figure 5D ). 8
Beta diversity (between-samples) analysis using the weighted UniFrac metric (which 9 accounts for differences in taxon abundance between samples) revealed significant clustering of 10 samples by tick genus (ADONIS, p=0.001) ( Figure S7A ), as expected for stable microbiomes or 11 those largely composed of endosymbionts. In contrast, external wash samples cluster together 12 regardless of which tick they were associated with. This suggests that external microbiomes 13 share common features (eg. the presence of diverse low-abundance taxa and lack of highly 14 abundant endosymbionts) that differ from internal microbiomes of ticks. This interpretation is 15 supported by beta diversity analyses using the unweighted UniFrac metric (in which each OTU is 16
given equal weight regardless of relative abundance in the sample) which revealed no such 17 internal-external ( Figure S7B ) or genus-level clustering, suggesting that the low-abundance taxa 18 in samples do not sufficiently drive differences between tick genera. 19
Finally, we sought to extend our microscopy findings across hard tick species. Similar to I. 20 scapularis, we found that A. maculatum, D. variabilis, and I. pacificus ticks lack abundant 21 midgut-associated bacteria, while females belonging to these species contained abundant DAPI-22
intense cocci within ovaries ( Figure S8 ). We also observed that midgut sections near ovaries 23 sometimes contained localized micro-colonies, similar to those shown to be Rickettsia in I. There is great interest in exploiting natural microbial communities to benefit human 19 health and combat disease. One such avenue of active research involves leveraging the native 20 microbial communities associated with medically-relevant arthropod vectors (like mosquitos and 21 ticks) to prevent pathogen transmission (Cirimotich et al., 2011b; Narasimhan and Fikrig, 2015). 22
We note that B. burgdorferi may be particularly susceptible to inhibition by competitor bacteria 1 if encountered due to a paucity of genetic mechanisms for direct interbacterial interactions. This 2 is supported by our findings that the increased abundance of Bacillus, Enterobacteriaceae, and 3
Pseudomonas within the midgut is associated with decreased B. burgdorferi infection. Notably, 4 these bacteria were also detected in external wash samples. This intriguing pattern suggests that 5 
DNA isolation 18
Live ticks were washed three times with sterile water then dried before immobilization on a glass 19 slide using double-sided tape. 21-gauge needles were used to remove the cuticle, and sterile 20 forceps used to dissect and remove the viscera into 500uL sterile deionized water for subsequent 21 DNA purification. Fresh needles were exchanged, and forceps sterilized by washing three times 22 in sterile water and 70% ethanol between each dissection. The first external wash sample was 23 saved, and pooled across individuals of the same species, sex, and geographical collection 1 location. Samples were frozen at -80 o C prior to DNA isolation. Frozen tissue samples were 2 thawed and subsequently homogenized via glass bead-beating on a MiniBeadBeater (Biospec 3 Products) for two cycles of one minute duration each. Subsequently, phenol-chloroform-isoamyl 4 alcohol extraction of total nucleic acids was performed with a RNase treatment to remove RNA. 5
Following extraction, DNA pellets were resuspended in 25uL sterile deionized water. pipeline was used to process the samples using default settings (Edgar, 2010 (Edgar, , 2013 . Following 22 taxonomy prediction and OTU assignment, the OTU table were filtered to only retain OTUs that 23 appeared at greater than 1% relative abundance in at least one sample. Alpha-diversity and beta-1 diversity metrics were calculated in QIIME (MacQIIME v1. 
